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Role of traffic in atmospheric accumulation of heavy metals and polycyclic 
aromatic hydrocarbons  
 
  
Abstract 
Traffic related emissions have been recognised as one of the main sources of air pollutants. In 
the research study discussed in this paper, variability of atmospheric total suspended 
particulate matter (TSP), polycyclic aromatic hydrocarbons (PAH) and heavy metal (HM) 
concentrations with traffic and land use characteristics during weekdays and weekends were 
investigated. Data required for the study were collected from a range of sampling sites to 
ensure a wide mix of traffic and land use characteristics.  
 
The analysis undertaken confirmed that zinc has the highest concentration in the atmospheric 
phase during weekends as well as weekdays. Although the use of leaded gasoline was 
discontinued a decade ago, lead was the second most commonly detected heavy metal. This is 
attributed to the association of previously generated lead with roadside soil and re-suspension 
to the atmosphere. Soil related particles are the primary source of TSP and manganese to the 
atmosphere. The analysis further revealed that traffic sources are dominant in gas phase 
PAHs compared to the other sources during weekdays. Land use related sources become 
important contributors to atmospheric PAHs during weekends when traffic sources are at 
their minimal levels.  
 
Keywords: air pollutants; air quality; heavy metals; polycyclic aromatic hydrocarbons; total 
suspended particulate matter; traffic emissions 
 
1. Introduction 
Traffic sources generate an array of harmful pollutants such as hydrocarbons and heavy 
metals to the urban atmosphere (Kemp 2002; Mahbub et al. 2011). A portion of the traffic 
generated pollutants is directly deposited on ground surfaces, whilst the remainder will 
initially accumulate in the atmosphere. An in-depth understanding of traffic generated 
atmospheric pollutants is important due to their harmful human health impacts such as 
asthma, lung cancer and other respiratory illnesses (Lim et al. 2005). Additionally, 
atmospheric pollutants also impose impacts on the ecosystem (Balestrini and Tagliaferri 
2001). Health impacts due to traffic generated pollutants have long been understood by 
researchers (Lim et al. 2005). Unfortunately, there is only limited understanding of the 
influence of traffic characteristics on traffic generated pollutants. 
 
As urban traffic is continuously increasing, traffic generated atmospheric pollutant loads will 
impose an even greater impact on human and ecosystem health. For example, urban traffic 
has grown at 3% per annum from 2003 to 2008 in Australia (ABS 2008). Therefore, the 
relationships between traffic characteristics and key atmospheric pollutant loads merits 
investigation as an in-depth knowledge is required to formulate appropriate strategies to 
mitigate the adverse impacts on air quality. The study discussed in this paper was conducted 
  
3 
 
to generate knowledge on relationships between polycyclic aromatic hydrocarbons (PAHs), 
heavy metals (HMs) and atmospheric total suspended particulate matter (TSP) in the urban 
air and the influence of traffic related emissions on atmospheric pollutant concentrations. 
PAHs, HMs and TSP are the primary pollutant types generated by traffic sources. Also, they 
are the key pollutants in relation to associated heath impacts. Additionally, as traffic volumes 
can change during weekdays and weekends, the variability of atmospheric pollutant 
concentrations during weekdays and weekends was also investigated. 
 
2. Materials and methods 
2.1  Study sites selection  
The study sites were selected within the Gold Coast region, Queensland State, Australia. 
Gold Coast is among the cities with a high population growth rate in Australia, which in turn 
translates to high traffic growth (GCCC-WEB 2010). Due to the residential nature of most 
Gold Coast suburbs, traffic emissions dominate over the other emissions. However, it has 
been found that traffic growth is not uniform across the Gold Coast area and that there is 
considerable spatial variation in traffic generated pollutants (Cook 2008). This provided ideal 
characteristics to support the selection of Gold Coast as the study region. Traffic data 
predicted by Gold Coast City Council formed the primary basis for study sites selection. 
Available traffic data were closely examined during the site selection process in order to 
select sites with a range of traffic characteristics. Important traffic characteristics considered 
were traffic congestion, total traffic volume and total heavy duty traffic volume. Attention 
was paid to the selection of sites from industrial, commercial and residential land uses which 
are the three predominant urban land uses. This is due to the possible emissions of TSP, 
PAHs and HMs from land use related activities (Hoshiko et al. 2011; Hong et al. 2007).  
 
Sites were also selected from high anthropogenic activity areas such as urban centres and 
locations close to major highways. Accordingly, two sites were selected from two urban 
centres and two sites were selected from different land uses with close proximity to major 
highways. These four sites were termed as “Set 1” sites (see Figure 1). Site Hi_hd was within 
a residential area with close proximity to a major highway and construction sites. Site Mi_hd 
was within an urban centre with mixed land use while site So_hd was within a major urban 
centre with predominantly commercial land use. Site Ya_hd was within an industrial area 
with a major highway in close proximity. All these four sites were non-road sites. Therefore 
traffic data were not relevant for the sites. Eleven road sites with variable traffic and land use 
characteristics were also selected from Coomera and Helensvale suburbs in the Gold Coast 
and termed as “Set 2” sites as shown in Figure 1.  
 
2.2 Instrumentation and sampling 
Based on a detailed review of commonly used air sampling equipment, the high volume 
polyurethane foam (PUF) sampler was selected. This sampling equipment was designed by 
USEPA as per Method TO-13A (USEPA 1999). Reduced sampling time was the main 
advantage in using the PUF sampler over the other sampling devices. Reduced sampling time 
was preferred in order to minimise loss of PAHs during sampling (Berko 1999).  
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The PUF sampler draws ambient air through a quartz filter paper and a PUF sorbent cartridge 
at a flow rate of 15m3/h. The instrument is capable of collecting pollutants in gas and 
particulate phases at the same time. The sampling volume was set to 120 m3 after initial trial 
sampling, which enabled most target PAHs to be detected. Sampling was undertaken over a 
period of 8 h covering morning and evening traffic peaks. Two air samples were collected at 
each study site after seven antecedent dry days encompassing one weekday and one weekend 
day. Seven antecedent dry days were allowed to ensure the build-up of sufficient pollutant 
loads in the atmosphere. A total of 30 samples were collected from the 15 study sites. 
 
2.3 Laboratory analysis 
2.3.1 Total atmospheric particulate matter (TSP) 
Testing of samples for TSP was carried out as detailed in Method IO-2.1 (USEPA 1999). The 
concentration of atmospheric TSP was determined using the total sampling volume.  
 
2.3.2 Heavy metals 
Samples were analysed for lead (Pb), zinc (Zn), cadmium (Cd), chromium (Cr), Nickel (Ni), 
manganese (Mn), and Copper (Cu). These heavy metal species are commonly generated by 
traffic sources (Herngren et al. 2006; Sartor and Boyd 1972). 
 
Laboratory analysis was conducted using USEPA Method 200.8 (USEPA 1994) as a guide. 
The quality control and quality assurance (QC/QA) procedures described in the method were 
followed. Analytical reagent grade solvents supplied by Sigma-Aldrich, St. Louis, USA were 
used for all testing. Analysis of heavy metals was carried out by Inductively Coupled Plasma 
Mass Spectrometer (ICP-MS). As part of the quality assurance procedure, certified reference 
material (CRM, Product No.54704) recovery was compared against values given in the 
certificate and was found to be within 85% to 115%, which was considered acceptable. CRM 
of multi-element standard solution V for ICP-MS prepared by TraceSELECT (Product No. 
54704) was used. 
 
2.3.3 Polycyclic aromatic hydrocarbons 
Although the study focused on the 16 USEPA priority PAHs, samples were analysed only for 
14 of them. Naphthalene was not tested due to its presence in the extraction solvent (hexane). 
Benzo(b)fluoranthene was not tested as it was not present in the standards used. The 14 PAHs 
analysed were, Acenaphthene (ACE), Acenaphthylene (ACY), Anthracene (ANT), 
Benz(a)anthracene (BaA), Benzo(a)pyrene (BaP), Benzo(e)pyrene (BeP), Phenanthrene 
(PHE), Chrysene (CHR), Indeno(1,2,3-c,d)pyrene (IND), Benzo(g,h,i)perylene (BgP), Pyrene 
(PYR), Fluorene (FLU), Dibenz(a,h)anthracene (DbA) and Fluoranthene (FLA). The PUF 
sorbents and the quartz filter paper were tested separately to determine PAHs in gas and 
particulate phases in the atmosphere as per the Method TO-13A (USEPA 1999). Samples 
were analysed by Gas Chromatography-Mass Spectrometry (GC/MS). HP-5ms capillary 
column was used for the analysis. The quantification was performed by using calibration 
standards ( EPA 525 Semivolatiles Calibration mix) and internal standards (D10-
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Acenaphthene, D12-Perylene, D12 –Chrysene and D10-Phenanthrene) and the mass spectrometer 
was operated in the ionization mode as specified in the method. Additionally, surrogate 
standards (D10- Fluorene and D10-Fluoranthene) were used to monitor unusual matrix effects. 
The length, internal diameter and film thickness of the capillary column are 30 m, 0.32 mm 
and 0.25 µm respectively. Temperature/ time programme consisted of four segments. Firstly, 
the initial column temperature was held at 65 °C for one minute. Then, the temperature was 
increased at the rate of 15 °C / min till 160 °C followed by a temperature increase at  a rate of 
25 °C / min till 320 °C. Finally the temperature was held at 320 °C for 1.70 minutes. As part 
of the quality assurance procedure, CRM recovery was compared against values given in the 
certificate and recovery was found to be within 85% to 115%, which was considered 
acceptable. Standard reference material 1649b urban dust prepared by National Institute of 
Standards & Technology, USA was used as certified reference material for the analysis.  
 
2.3.4 Traffic and wind data 
Average annual daily traffic data were obtained from a traffic survey conducted in year 2010. 
The traffic survey was carried out using automatic traffic counting and it was conducted at 
the 11 road sites covering two weekdays and one weekend day. The collected traffic data is 
given in Table 1. Additionally, as part of the survey, classified traffic volumes and vehicle 
speed data were recorded in 15 minute intervals for each direction. Wind data were obtained 
from the closest meteorological station. These data were helpful in determining the 
concentration of pollutants due to long range transport (Fon et al., 2007). Other parameters 
such as relative humidity, solar radiation and temperature were considered to be less 
influential since sampling was undertaken within a short time frame in the summer season.  
 
2.3.5 Multicriteria decision making method (MCDM) 
The data analysis was undertaken using multicriteria decision making methods (MCDM), 
namely: PROMETHEE (Preference Ranking Organisation Method for Enrichment 
Evaluation) and GAIA (Graphical Analysis for Interactive Assistance). PROMETHEE is a 
non-parametric method capable of ranking objects or actions based on multiple variables or 
criteria. GAIA is a visualisation technique which is used to display PROMETHEE results as 
a simple principal component (PC) biplot in PC1 and PC2 space. For PROMETHEE and 
GAIA analysis, Decision Lab software (Decision Lab. 2000) was used. In the PROMETHEE 
analysis, the user needs to select the ranking order according to the objective of the analysis. 
A typical GAIA plot can be used to explore the relationships among objects and variables. A 
detailed discussion on PROMETHEE algorithm can be found elsewhere (Keller et al. 1991). 
Rules for the interpretation of the GAIA biplot have been provided by Espinasse et al. (1997). 
Further information on PROMETHEE and GAIA and the interpretation of the vectors can be 
found in the Supporting Information document. In the PROMETHEE analysis, the V-shape 
preference function was selected for all the variables. This function compares values based on 
one threshold value for each variable. In this analysis, variables are set as maximum so that 
the decision axis, pi, points towards the most polluted site/s. 
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3. Results and discussions 
3.1 Total suspended particulate matter (TSP) 
Table 1 lists the average TSP concentrations together with traffic data obtained at the 15 
sampling locations. As evident in Table 1, higher TSP concentrations were consistently 
detected during weekdays compared to weekends. This can be attributed to two primary 
reasons. Firstly, traffic volumes are higher during weekdays compared to weekends resulting 
in higher emissions to the atmosphere. Secondly, as traffic volume increases, traffic induced 
wind can re-suspend already deposited particles (Pohjola et al. 2002).  
 
As shown in Table 1, weekday TSP concentrations are consistently higher than the weekend 
concentrations. Additionally, weekday average annual daily traffic volume is higher than 
weekend traffic volume. Pollutants in the atmosphere at a road site can be due to traffic 
emissions from the road close to the site as well as pollutants transported from other sources 
including anthropogenic activities and surrounding roads. Therefore, traffic emissions close 
to the sampling sites become dominant during weekdays.  
 
3.2  Heavy Metals (HMs) 
Although seven heavy metal species consisting of Cr, Cd, Ni, Pb, Mn, Zn and Cu were 
investigated, Ni and Cd were not detected at most of the sampling sites. Hence, the remaining 
five elements were incorporated into the analysis. The histograms given in Figure 2 illustrate 
the differences in HM concentrations during weekdays and weekends.  
 
Figure 2 shows that compared to other metals, at most of the sites Zn was consistently 
detected in relatively high concentrations during weekdays as well as weekends. Therefore, 
Zn sources would be common to all the sites. One of the primary Zn sources is vehicular 
traffic (Kemp 2002). However, Councell et al. (2004) noted that wear particles are also one of 
the primary sources of Zn in the urban atmosphere. Additionally, there can be other sources 
of Zn emissions such as industrial and commercial activities (Tippayawong et al. 2006). 
Therefore, land use was incorporated into the analysis to investigate its influence on Zn 
loading.  
 
Furthermore, it is evident from Figure 2 that Pb is the second most commonly detected heavy 
metal. Tyre wear and brake pad wear is a source of Pb (Sansalone et al. 1996). However, 
Maher et al. (2008) noted that re-suspended soil dust, enriched with Pb from previous 
decades of leaded fuel usage can also be a major source of Pb at urban roadsides. This 
conclusion is supported by the findings of Usman (2008) who noted that the adsorption of 
heavy metals to soil particles follow the order of Pb > Cu > Zn > Ni > Cd.  
 
PROMETHEE and GAIA were employed for further analysis of heavy metals. The variables 
used for this analysis were, Pb, Cr, Zn, Cu, Mn, wind, average daily total traffic (ADT_to), 
average daily heavy duty traffic (ADT_hv), traffic congestion (V/C) which is the ratio of 
traffic volume (V) by road capacity (C) and TSP. All fifteen sampling sites were used as 
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objects. The analysis was conducted with and without traffic data in the case of “Set 2” sites. 
The resulting GAIA biplots from the analysis are shown in Figure 3.  
 
It is evident from Figure 3(a) that Cu and Cr are strongly correlated with ADT_hv. Therefore, 
it can be concluded that Cu and Cr are more likely to be generated by heavy duty traffic 
sources. Figure 3(a) also shows correlation of TSP and Mn but not with traffic parameters 
ADT_hv, V/C and ADT_to. Consequently, it can be concluded that TSP and Mn are 
primarily generated from other sources such as surrounding soil. Tippayawong et al. (2006) 
noted that there are three main sources of atmospheric particulate matter. These are: (1) long 
distance sources such as wind transported particulates; (2) short distance sources such as re-
suspension of road deposited sediments; (3) unknown sources with low influence of traffic 
emissions. However, Patel et al. (2009) reported that vehicle emissions can be a dominant 
source of PM2.5 (particulate matter smaller than 2.5 µm in diameter) in the atmosphere. 
Although traffic is a main contributor of PM2.5, it is not the dominant source for atmospheric 
total suspended particulate matter (TSP). Therefore, it is hypothesised that an alternate source 
is an important contributor. This is probably the reason for the absence of a clear relationship 
between traffic parameters and TSP.  
 
Figure 3(b) shows a close grouping of sites (Group A). As such, there is a similar pattern of 
variation for the investigated heavy metals and TSP in Group A sites. There are four sites 
with commercial, residential and industrial land uses including three “Set 1” sites within 
Group A. Therefore, this suggests that heavy metals and TSP concentrations in the 
atmosphere have limited dependency on the surrounding land use activities as these sites do 
not belonging to a specific land use. As noted above, there are three sources of atmospheric 
particulate matter. Since all Group A sites are clustered together in Figure 3(b), total 
contribution from these three sources would be similar. However, re-suspension and traffic 
related emissions are not the same at each site due to the different combinations of the three 
sources noted above.  
 
3.3  Polycyclic aromatic hydrocarbons (PAHs) 
The box plots given in Figure 4 illustrate the variation in gas phase PAH concentrations 
during weekdays and weekends. As physical properties such as volatility and water solubility 
depends on the number of benzene rings, PAHs with equal number of rings have been 
grouped together. Figure 4 shows that three and four ring PAHs were detected in relatively 
higher concentrations in the gas phase. This is because they are able to generate high vapour 
pressure in the atmosphere (Kishida et al. 2008). Furthermore, as evident in Figure 4, FLA 
and ANT have been detected in higher concentrations during weekdays compared to 
weekends. This is attributed to the fact that vehicular traffic is a primary source of gas phase 
PAHs and weekday traffic volumes are relatively higher than the corresponding weekend 
volumes. Therefore, traffic sources are important compared to the other sources for gas phase 
PAH emissions. However, land use related sources also generate PAHs to the atmosphere 
(Hoshiko et al. 2011; Hong et al. 2007). 
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Similarly, the box plots for particulate phase PAH concentrations in the atmosphere are 
shown in Figure 5. As evident from Figure 5, 4 and 5 ring particulate phase PAH 
concentrations detected are similar for all sites. This is attributed to the fact that these 
compounds have relatively low volatility and are associated primarily with TSP in the 
atmosphere (Han et al. 2009) whilst 3 ring PAHs are primarily associated with the gas phase 
due to their higher volatility. 
 
Primarily, there are two types of traffic related PAH emissions to the atmosphere, namely, 
exhaust emissions and re-suspension of road deposited particulate associated PAHs. 
Therefore, an in-depth understanding of these processes is required to identify the 
relationship between vehicular traffic and PAH concentrations present in the atmosphere. 
Additionally, there are land use related PAH sources such as industrial and commercial 
activities (Hoshiko et al. 2011; Hong et al. 2007). Overall, atmospheric PAH levels depend 
not only on traffic parameters such as total traffic volume (ADT_to), total heavy duty traffic 
volume (ADT_hv) and congestion (V/C), but also on land use related activities (Hoshiko et 
al. 2011; Hong et al. 2007).  
 
In order to better understand the relationships between traffic characteristics and atmospheric 
phase PAHs, PROMETHEE and GAIA was employed for further analysis. The variables 
used for this analysis were, the 14 PAHs analysed during weekday sampling, wind, ADT_to, 
ADT_hv, V/C and TSP, while the fifteen sampling sites were the objects. Figure 6(a) gives 
the GAIA biplot for gas phase PAHs for “Set 2” sites only and incorporating traffic 
parameters. Figure 6(b) give the GAIA biplot combining “Set 1” and “Set 2” sites together 
without traffic data. This was to investigate the contribution of PAHs to the atmosphere from 
land use related activities.  
 
It is evident from Figure 6(a) that FLU, DbA, IND, BgP, TSP and ADT_hv are correlated 
indicating that these PAHs are generated primarily by heavy duty traffic sources. Among 
these four PAHs, three PAHs have 5 and 6 rings and are correlated with TSP. This suggests 
that traffic generated 5 and 6 ring PAHs are associated with atmospheric particulate matter. 
This conclusion is supported by the findings of Stracquadanio and Trombini (2006) who 
noted that combustion processes emit both soot and particulate associated PAHs. 
Furthermore, Riddle et al. (2007) noted that heavy duty diesel vehicles emit light PAHs at 
optimum driving conditions whereas they emit heavier PAHs when idling or running at low 
speeds. Therefore, these findings suggest that heavy duty vehicles operating at low speed are 
among the primary contributors of PAHs at the study sites.  
 
As evident Figure 6(a), traffic generated PAHs such as ACE, PHE, BaP, BeP, PYR, ACY are 
correlated with ADT_to, V/C and wind. Light gasoline vehicles are a major source of four 
and five ring PAHs (Hong et al. 2007). Therefore, it was hypothesised that these PAHs are 
generated by light gasoline vehicles. Furthermore, diesel engines emit heavy PAHs (>4 rings) 
in idle or slow moving conditions and three ringed PAHs at optimum driving conditions. This 
suggests that diesel vehicles are operating in a congested or slow moving mode as well as in 
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an optimum driving mode at the same sampling location during the 8 h sampling period. This 
is understandable as vehicles operate in a congested mode during morning and evening peak 
hours whereas they operate in a fast moving mode during other times. Therefore, this 
supports the correlation of heavy PAHs with traffic congestion. Even though wind shows 
correlation with ACE, PHE, BaP, BeP, PYR and ACY, the small wind vector in Figure 6(a) 
indicates that the influence of wind speed is low.  
 
Figure 6(b) shows a grouping of Hi_hd, Mi_hd and So_hd (Group B). This suggests that 
these sites have similar variation of PAH loadings. As Group B sites are located in areas with 
high anthropogenic activities, it is presumed that these activities generate similar PAH 
loadings to the atmosphere. One of the common activities at all the sites is traffic. 
Additionally, there are commercial, industrial and residential activities at these sites. In other 
words, atmospheric PAH concentrations are also influenced by land use related activities. 
Even though there are many PAH emission sources in an urban area such as vehicular 
emissions and stationary emission sources, vehicular emissions tends to be the dominant 
source (Fon et al. 2007). The possible reason for Ya_hd site to be outside Group B is its close 
proximity to a major highway (Pacific Highway). 
 
Similarly, gas phase PAHs sampled during weekends were analysed using PROMETHEE 
and GAIA methods. This was primarily to investigate important traffic and land use related 
PAH emissions during weekends. The resulting GAIA biplots are shown in Figure 7. Similar 
to Figure 6, Figure 7(a) gives the GAIA biplot for gas phase PAHs for “Set 2” sites only and 
incorporating traffic parameters. Figure 7(b) give the GAIA biplot combining “Set 1” and 
“Set 2” sites together without traffic data.  
 
Figure 7(a) shows correlation of ADT_to, V/C, FLU, PHE, ACE and DbA. Three of these 
PAHs, which are closely related with traffic, have three benzene rings and the other has five 
rings. As noted in relation to Table 3, three and four ring PAHs are present primarily in the 
gas phase and weekend traffic has contributed mainly lighter PAHs to the atmosphere. This 
suggests that traffic is not the primary gas phase PAH source to the atmospherec during 
weekends, as only four out of a total of fourteen PAHs shows correlation with traffic 
parameters. As such, other sources such as residential and industrial activities would 
dominate over traffic sources during weekends in the generation of atmospheric gas phase 
PAHs. For example, Li et al. (2003) noted that PAHs emitted from cooking make an 
important contribution to atmospheric PAHs.  
 
So_hd, Ya_hd and Hi_hd sites have reasonably similar variations in PAH concentrations as 
evident from the fact that the data points are located close to each other (Group C) in Figure 
7(b). These three sites are located close to areas with high anthropogenic activities. Urban 
traffic is the most common anthropogenic activity at all three locations. For example, Ya_hd 
site is located close to the Pacific Highway and traffic is the dominant source of PAHs. At the 
other two sites, although there are industrial and commercial activities, there are no high 
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emitting sources compared to traffic. Therefore, this once again indicates that traffic is one of 
the primary PAH sources.  
 
4.  Conclusions 
The following primary conclusions were derived from the study undertaken: 
• Analysis of heavy metals indicated that Zn has the highest concentration in the 
atmospheric phase during weekends as well as weekdays. Traffic related emissions 
are the primary source of Zn to the atmosphere.  
 
• Although usage of leaded gasoline was discontinued a decade ago, Pb was the second 
most commonly detected heavy metal. This is attributed to the association of 
previously generated Pb with roadside soil and re-suspension to the atmosphere as 
well as contributions from traffic related abrasion products. Additionally, soil related 
sources contribute a high fraction of TSP and Mn to the atmosphere. Among the other 
heavy metals investigated, Cu and Cr were found to be primarily generated by heavy 
duty traffic. 
 
• Traffic sources are dominant in gas phase PAHs compared to the other sources during 
weekdays. However, both traffic and land use related sources contribute PAHs to the 
atmosphere during weekends. The analyses further confirmed that heavy duty traffic 
generate five and six ring PAHs to the atmosphere which are associated with the 
particulate phase. Exhaust emissions is the main PAH source to the atmosphere.  
 
• For the investigated PAHs, heavy duty traffic sources are correlated with Fluorene, 
Dibenz(a,h)anthracene, Indeno(1,2,3-c,d)pyrene and Benzo(g,h,i)perylene whereas 
Acenaphthene, Phenanthrene, Benzo(a)pyrene, Benzo(e)pyrene, Pyrene and 
Acenaphthylene are correlated with the total traffic volume. Therefore, it can be 
concluded that heavy duty traffic primarily generates five and six ring PAHs.  
 
• The analysis concluded that diesel vehicles generate three and four ring PAHs at 
optimum operating condition and five and six ring PAHs at low speeds. Gasoline 
vehicles always generate four and five ring PAHs. Diesel vehicle generated PAHs are 
present in both the gas and particulate phases. 
 
• Although traffic is the main source of atmospheric PAHs and heavy metals, traffic 
congestion (V/C), and heavy duty traffic volume (ADT_hv) are the most influential 
traffic parameters influencing the generation of atmospheric PAHs.  
 
5.  Acknowledgments  
The Authors thank Dr. Jason Kerr and Mr. James Hazelman for their support during the field 
sampling program. The project was funded by Gold Coast City Council and Queensland 
Department of Transport and Main Roads under the Australian Research Council (ARC) 
  
11 
 
Linkage project scheme (LP0882637). The funding sources had no involvement in the 
preparation of this paper. 
 
6. Supporting Information Available 
PAH data obtained during weekdays and weekends sampling for “Set 1” and “Set 2” sites 
have been provided as supporting information. The comparison of PAH concentrations with 
those from previous related studies are also included in the supporting information section. 
Additionally, detailed description of PROMETHEE and GAIA methods are presented. 
 
7. References 
ABS. 2008. Report No. 1379.0.55.001: Australian Bureau of Statistics-National Regional 
Profile, Gold Coast 2002 to 2006, Canberra, Australia. 
Berko, D. H. N., 1999. Technical Report No. 2: Polycyclic aromatic hydrocarbons (PAHs) in 
Australia. Perth, Western Australia: Department of Environmental Protection, 1-55.  
Balestrini, R., and Tagliaferri, A., 2001. Atmospheric deposition and canopy exchange 
processes in alpine forest ecosystems (northern Italy). Atmospheric Environment, 
35(36), 6421-6433.  
Councell, T. B., Duckenfield, K. U., Landa, E. R., and Callender, E., 2004. Tire-Wear 
Particles as a Source of zinc to the Environment. Environmental science and 
technology, 38, 4206-4214.  
Cook, B., 2008. Gold Coast Rapid Transit concept design and impact management plan air 
quality technical report, GHD Pty Ltd Brisbane, Australia, 7.  
Decision Lab., 2000. Executive Edition, Getting Started Guide, Visual Decision Inc. 2000. 
Espinasse, B., Picolet, G., and Chouraqui, E., 1997. Negotiation support systems: A multi-
criteria and multi-agent approach. European Journal of Operational Research, 103(2), 
389-409.  
Fon, T. Y. W., Ozaki Noriatsu, O., and Hiroshi, S., 2007. Polycyclic Aromatic Hydrocarbons 
(PAHs) in the Aerosol of Higashi Hiroshima, Japan: Pollution Scenario and Source 
Identification. Water Air Soil Pollution, 182, 235–243.  
GCCC-WEB. 2010. Gold Coast City Council’s web page www.goldcoast.qld.gov.au.  
Han, B., Bai, Z., Guo, G., Wang, F., Li, F., Liu, Q., Ji, Y., Li, X., and Hu, Y., 2009. 
Characterization of PM10 fraction of road dust for polycyclic aromatic hydrocarbons 
(PAHs) from Anshan, China. Journal of Hazardous Materials, 170(2-3), 934-940.  
Herngren, L., Goonetilleke, A., and Ayoko, G. A., 2006. Analysis of heavy metals in road-
deposited sediments. Analytica Chimica Acta, 571(2), 270-278.  
Hoshiko, T., Yamamoto, K., Nakajima, F., and Prueksasit, T., 2011. Time-series analysis of 
polycyclic aromatic hydrocarbons and vehicle exhaust in roadside air environment in 
Bangkok, Thailand. Procedia Environmental Sciences, 4, 87-94.  
Hong, H., S., Yin, H., L., Wang, X. H., and Ye, C., X., 2007. Seasonal variation of PM10-
bound PAHs in the atmosphere of Xiamen, China. Atmospheric Research, 85, 429-441.  
Kemp, K., 2002. Trends and sources for heavy metals in urban atmosphere. Nuclear 
Instruments and Methods in Physics Research Section B: Beam Interactions with 
Materials and Atoms, 189(1-4), 227-232. 
  
12 
 
Keller, H.R., Massart, D.L. and Brans, J.P., 1991. Multicriteria decision making: a case study. 
Chemometrics and Intelligent laboratory systems, 11, 175-189. 
Kishida, M., Imamura, K., Takenaka, N., Maeda, Y., Viet, P., and Bandow, H., 2008. 
Concentrations of Atmospheric Polycyclic Aromatic Hydrocarbons in Particulate 
Matter and the Gaseous Phase at Roadside Sites in Hanoi, Vietnam. Bulletin of 
Environmental Contamination and Toxicology, 81(2), 174-179. 
Li, C.-T., Lin, Y.-C., Lee, W.-J., and Tsai, P.-J., 2003. Emission of polycyclic aromatic 
hydrocarbons and their carcinogenic potencies from cooking sources to the urban 
atmosphere. Environmental Health Perspective, 111(4), 483–487.  
Lim, M. C. H., Ayoko, G. A., and Morawska, L., 2005. Characterization of elemental and 
polycyclic aromatic hydrocarbon compositions of the urban air in Brisbane. 
Atmospheric Environment, 39(3), 463-476.  
Mahbub, P., Goonetilleke, A., Egodawatta, P. K., Yigitcanlar, T. and Ayoko, G. A.  2011. 
Analysis of build-up of heavy metals and volatile organics on urban roads in Gold 
Coast, Australia. Water Science and Technology, 63(9),  2077-2085.  
Maher, B. A., Moore, C., and Matzka, J., 2008. Spatial variation in vehicle-derived metal 
pollution identified by magnetic and elemental analysis of roadside tree leaves, 
Atmospheric Environment, 42, 364-373.  
Pohjola, M. A., Kousa, A., Kukkonen, J., Harkonen, J., Karppinen, A., Aarnio, P., and 
Koskentalo, T., 2002. The Spatial and Temporal Variation of Measured UrbanPM10 and 
PM2.5 in the Helsinki Metropolitan Area. Water Air and Soil Pollution Focus, 2, 189-
201. 
Patel, M. M., Chillrud, S. N., Correa, J. C., Feinberg, M., Hazi, Y., Deepti, K. C., Prakash, S., 
Ross, J. M., Levy, D., and Kinney, P. L., 2009. Spatial and temporal variations in 
traffic-related particulate matter at New York City high schools. Atmospheric 
Environment, 43(32), 4975-4981.  
Riddle, S. G., Jakober, C. A., Robert, M. A., Cahill, T. M., Charles, M. J., and Kleeman, M. 
J., 2007. Large PAHs detected in fine particulate matter emitted from light-duty 
gasoline vehicles. Atmospheric Environment, 41(38), 8658-8668. 
Stracquadanio, M., and Trombini, C., 2006. Particulate Matter, Gas phase and Particle-bound 
Polycyclic Aromatic Hydrocarbons in an Urban Environment Heavily Impacted by 
Vehicular Traffic (Bologna, Italy). Annali di Chimica, 96, 463-478. 
Sansalone, J. J., Buchberger, S. G., and Al-Abed, S. R., 1996. Fractionation of heavy metals 
in pavement runoff. Science of The Total Environment, 189/190, 371-378.  
Sartor, J. D., and Boyd, G. B. 1972. Water Pollution Aspects of Street Surface Contaminants. 
USEPA, EPA-R2-72-081, US Environmental Protection Agency, Washington, DC. 
Tippayawong, N., Pengchai, P., and Lee, L., 2006. Characterization of ambient aerosols in 
Northern Thailand and their probable sources. International Journal of Environmental 
Science and Technology, 3, 359-369.  
USEPA. 1999. Compendium of Methods for the Determination of Toxic Organic Compounds 
in Ambient Air, Second Edition, U.S. Environmental Protection Agency Cincinnati, 
OH 45268.  
USEPA. 1994. Determination of Trace Elements in Water and Wastes by Inductively 
  
13 
 
Coupled Plasma-Mass Spectrometry-Method 200.8. U.S. Environmental Protection 
Agency, OHIO 45268.  
Usman, A. R. A., 2008. The relative adsorption selectivities of Pb, Cu, Zn, Cd and Ni by soils 
developed on shale in New Valley, Egypt. Geoderma, 144(1-2), 334-343. 
  
14 
 
Table 1: Total suspended particulate (TSP) concentration and traffic data 
 
Notes: 
na - data is not available; hd - high anthropogenic activities; We -weekends; Wk - weekdays; 
ADT_to - total average daily traffic; ADT_hv - total average daily heavy duty traffic; SD - 
standard deviation; details in bold represents “Set 1” sites and other sites belong to “Set 2” 
sites.  
 
 
Site  Notation Land use TSP (µg/m3) (ADT to) Speed (km/hr) (ADT hv)  
We Wk We Wk   We          
 
Wk We Wk 
1  Ab c Commercial 42.5 160.0 6273 9976 61.3 60.4 102 439 
2  Be_i Industrial 35.0 11.1 1924 5988 62.1 62.6 35 180 
3  Bi_r Residential 51.7 62.5 973 2459 53.0 44.2 43 397 
4  Da_r Residential 36.7 43.3 1152 919 34.8 36.7 248 376 
5  Di_r Residential 40.8 81.7 10463 1080
 
54.6 48.7 55 126 
6  Hi_hd hd 51.7 70.0 na na na na na na 
7  Ho_c Commercial 41.7 170.8 22925 2690
 
74.4 72.4 113 242 
8  Li_c Commercial 7.5 22.5 7551 9123 39.7 38.1 165 395 
9  Mi_hd hd 17.5 85.0 na na na na na na 
10  Pe_r Residential 62.5 65.0 22 35 36.1 36 1 6 
11  Re_r Residential 107.5 136.7 7458 1131
 
60.8 58.8 178 604 
12  Sh_i Industrial 46.7 21.7 1036 2836 62.3 62.3 775 150
 
13  So_hd hd 78.3 79.2 na na na na na na 
14   To_c Commercial 92.5 305.8 4390 6701 49.4 49.6 36 34
15 Ya_hd hd 98.3 108.3 na na na na na na 
Mean   54.1 94.9 
 
      
SD   28.9 75.5 
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Figure captions 
Fig. 1. Location of the different sites sampled in the Gold Coast region, Australia 
 
Fig. 2. Atmospheric heavy metal concentration (a) during weekdays, (b) during weekends 
 
Fig. 3 GAIA biplot for heavy metals for weekdays (a) “Set 2” sites (b) “Set 2” and “Set 1” 
sites 
 
Fig. 4. Atmospheric gas phase PAH concentrations, (a) during weekdays, (b) during 
weekends 
 
Fig. 5. Atmospheric particulate phase PAH concentrations, (a) during weekdays, (b) during 
weekends 
 
Fig. 6. GAIA biplot of gas phase PAHs for weekday sampling, (a) “Set 2” sites with traffic 
data, (b) “Set 2” and “Set 1” sites without traffic data 
 
Fig. 7. GAIA biplot of gas phase PAHs for weekend sampling, (a) for “Set 2” sites with 
traffic data, (b) for “Set 2” and “Set 1” sites without traffic data 
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Heavy metals (HMs) and polycyclic aromatic hydrocarbon (PAH) data measured during weekdays and weekends 
Table S1: Heavy metal concentration 
Sitea HMsb - Weekends (µm/m3) HMsb - Weekdays (µm/m3) 
Cr Mn Cu Zn Pb Cr Mn Cu Zn pb 
Ab_c 0.01 0.01 < I.d. 0.01 0.01 0.00 0.11 0.00 0.21 0.01 
Be_i 0.00 0.01 < I.d. 0.01 0.00 < I.d. 0.01 0.00 0.12 0.02 
Bi_r < I.d. 0.02 < I.d. 0.03 0.01 0.02 0.03 0.01 0.16 0.03 
Da_r 0.02 0.01 0.02 0.12 0.08 0.03 0.03 0.01 0.11 0.04 
Di_r < I.d. 0.00 < I.d. 0.00 0.00 < I.d. 0.00 < I.d. 0.00 0.00 
Hi_hd 0.03 0.01 0.00 0.16 0.05 0.03 0.02 0.02 0.17 0.04 
Ho_c < I.d. 0.01 0.00 0.01 0.00 0.03 0.02 0.00 0.08 0.01 
Li_c 0.03 0.01 0.01 0.14 0.05 0.09 0.03 0.02 0.32 0.06 
Mi_hd 0.01 0.01 0.02 0.11 0.06 0.03 0.02 0.02 0.23 0.05 
Pe_r < I.d. 0.02 0.00 0.11 0.01 < I.d. 0.03 0.01 0.03 0.15 
Re_r 0.03 0.02 0.00 0.08 0.01 < I.d. 0.04 0.00 0.12 0.02 
Sh_i < I.d. 0.01 0.00 0.10 0.01 0.08 0.03 0.03 0.21 0.05 
So_hd 0.03 0.02 0.02 0.18 0.07 0.03 0.04 0.04 0.32 0.25 
To_c 0.02 0.13 0.02 0.17 0.10 0.02 0.38 0.01 0.21 0.13 
Ya_hd 0.02 0.04 0.02 0.14 0.10 < I.d. 0.06 0.00 0.10 0.02 
Notes: 
aSite identifiers are same as the site identifiers given in Figure 1 of the manuscript. 
bTarget HMs are given in Section 2.3.2 of the manuscript. 
<I.d. =below limit of detection. 
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Table S2: Gas-phase PAHs sampled during weekdays 
Sitea 
PAHsb concentrations (ng/ m3) 
 ACY ACE FLU ANT PHE PYR FLA BaA CHR BaP BeP DbA BgP IND 
Ab_c 0.45 1.69 15.97 0.42 9.05 3.06 6.66 1.79 0.39 3.07 3.11 2.81 5.53 3.58 
Be_i 0.67 0.74 3.10 2.45 < I.d. < I.d. 0.58 < I.d. < I.d. 0.75 0.78 1.15 1.13 2.53 
Bi_r 0.51 1.41 4.11 19.14 2.28 7.27 15.22 1.69 2.63 3.10 3.14 1.51 2.07 1.11 
Da_r 0.47 1.50 1.35 2.50 < I.d. 0.38 4.35 < I.d. 1.03 3.09 3.11 1.47 2.72 1.33 
Di_r 1.16 8.87 4.17 0.36 1.26 0.06 2.22 2.42 < I.d. 4.88 4.98 1.59 3.92 4.12 
Hi_hd 0.53 1.37 0.50 17.69 2.65 5.67 11.18 0.76 1.19 3.08 3.12 1.49 1.71 0.98 
Ho_c 1.46 11.97 4.87 0.62 17.78 10.85 9.55 < I.d. < I.d. 3.24 3.32 2.27 5.85 2.91 
Li_c 3.22 1.56 2.88 4.67 < I.d. 5.01 4.01 1.89 0.08 3.13 3.12 2.47 6.04 2.17 
Mi_hd 0.51 1.40 0.64 15.26 2.01 5.66 11.93 1.02 1.82 3.09 3.13 1.71 3.19 1.38 
Pe_r 0.64 1.50 4.26 13.59 1.50 4.98 12.36 1.56 2.77 3.37 3.14 1.52 3.78 1.50 
Re_r 1.30 10.57 2.66 0.36 8.57 7.60 6.60 < I.d. 0.00 3.07 3.11 2.53 6.94 2.91 
Sh_i 0.55 1.37 5.32 0.65 < I.d. 1.52 4.60 < I.d. 1.36 3.18 3.12 3.68 7.77 4.10 
So_hd 0.53 1.46 13.99 42.55 7.93 13.50 21.51 1.48 2.86 3.10 3.14 1.66 2.18 1.16 
To_c 0.56 1.66 29.88 1.46 < I.d. 2.02 5.83 < I.d. 1.56 3.18 3.13 3.31 7.50 3.84 
Ya_hd 1.94 8.61 6.36 12.16 0.00 3.99 7.50 < I.d. < I.d. 3.10 3.13 2.82 6.96 4.44 
Notes: 
aSite identifiers are same as the site identifiers given in Figure 1 of the manuscript 
bTarget PAHs are given in Section 2.3.3 of the manuscript 
<I.d. =below limit of detection 
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Table S3: Gas-phase PAHs sampled during weekends 
Sitea 
PAHsb concentrations (ng/m3) 
 ACY ACE FLU ANT PHE PYR FLA BaA CHR BaP BeP DbA BgP IND 
Ab_c 0.45 8.24 4.64 4.40 < I.d. 4.72 3.90 0.77 < I.d. 3.07 3.10 2.24 2.18 1.18 
Be_i 0.46 1.52 2.21 0.38 5.48 2.42 5.82 < I.d. 0.33 3.08 3.11 2.51 5.69 3.23 
Bi_r 5.07 7.94 2.20 8.39 < I.d. 7.26 8.30 < I.d. 0.24 3.07 3.12 2.03 5.85 2.70 
Da_r 0.58 1.42 0.75 15.05 1.40 5.71 12.51 1.55 2.93 3.10 3.15 1.73 4.01 1.52 
Di_r 0.49 1.26 6.68 0.34 2.89 1.03 3.22 1.05 < I.d. 3.07 3.10 2.23 2.24 1.44 
Hi_hd 2.38 5.45 25.97 23.78 9.63 5.72 13.92 1.08 8.10 3.24 3.15 1.41 2.34 1.18 
Ho_c 2.06 8.78 6.15 0.60 9.34 8.13 6.83 < I.d. 0.51 3.08 3.11 2.64 6.49 3.31 
Li_c 1.75 14.44 13.15 0.88 9.83 9.50 6.67 < I.d. 0.90 3.08 3.11 2.81 6.14 3.23 
Mi_hd 2.20 9.71 6.11 0.59 18.90 5.82 9.41 < I.d. 0.83 3.08 3.12 2.63 6.18 3.19 
Pe_r 0.54 1.50 6.05 2.13 2.59 5.31 1.75 0.23 0.51 3.09 3.13 1.46 4.16 1.19 
Re_r 1.72 7.28 6.00 0.28 9.50 7.02 7.20 < I.d. < I.d. 3.07 3.11 2.14 5.05 2.81 
Sh_i 0.49 1.73 6.12 5.77 < I.d. 0.22 0.09 < I.d. < I.d. 3.15 3.10 1.30 1.43 0.88 
So_hd 0.75 1.50 8.39 2.19 < I.d. 13.76 4.44 1.78 3.42 3.22 3.16 1.43 4.98 2.08 
To_c 0.46 1.29 0.53 1.78 < I.d. < I.d. 1.27 < I.d. < I.d. 3.05 3.09 1.32 2.04 1.03 
Ya_hd 0.55 1.42 0.58 6.27 < I.d. 0.73 11.63 1.76 3.13 3.13 3.16 1.52 2.76 1.21 
Notes: 
aSite identifiers are same as the site identifiers given in Figure 1 of the manuscript 
bTarget PAHs are given in Section 2.3.3 of the manuscript 
<I.d. = below detection limit 
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Table S4: Particulate-phase PAHs sampled during weekdays 
Sitea 
PAHsb concentrations (ng/m3) 
 ACY ACE FLU ANT PHE PYR FLA BaA CHR BaP BeP DbA BgP IND 
Ab_c 2.44 2.95 2.38 0.26 0.54 2.29 2.25 0.64 < I.d. 3.16 2.64 1.66 3.10 2.78 
Be_i 1.36 0.19 1.60 1.43 < I.d. < I.d. 0.47 0.97 0.42 1.79 3.24 2.89 1.97 5.63 
Bi_r 0.47 1.34 0.48 4.39 < I.d. 2.37 7.62 0.62 1.41 3.12 3.02 1.46 3.14 1.15 
Da_r 0.47 1.33 1.25 6.04 < I.d. 2.29 6.66 0.31 0.63 3.08 1.92 1.41 3.11 1.05 
Di_r 1.27 2.54 6.85 0.35 0.78 3.00 2.59 0.71 < I.d. 3.31 2.26 1.90 3.10 1.01 
Hi_hd 0.46 1.33 0.37 3.53 < I.d. 1.91 6.50 0.54 1.17 3.11 2.84 1.48 3.13 1.16 
Ho_c 2.62 3.68 1.23 0.29 0.66 2.50 2.42 < I.d. < I.d. 3.07 1.65 1.65 3.10 1.23 
Li_c 2.10 4.83 1.59 0.42 1.24 3.44 2.96 0.20 < I.d. 3.07 4.89 1.83 3.10 2.60 
Mi_hd 0.46 1.32 0.33 3.31 < I.d. 1.74 6.03 0.33 0.89 3.10 2.51 1.46 3.13 1.09 
Pe_r 0.49 1.53 0.29 3.35 < I.d. 1.52 4.67 0.57 1.23 3.28 3.16 1.74 3.12 1.74 
Re_r 2.64 3.88 2.81 1.25 0.95 1.87 1.95 0.43 < I.d. 3.06 2.96 1.60 3.09 1.63 
Sh_i 0.48 2.07 4.20 0.20 1.56 5.70 2.86 1.28 0.12 3.07 5.66 2.13 3.11 2.91 
So_hd 0.46 1.33 0.34 3.54 < I.d. 1.92 6.39 0.64 1.32 3.14 5.69 1.26 3.15 1.79 
To_c 0.44 1.43 15.59 0.52 < I.d. 0.38 2.89 < I.d. 0.22 3.07 1.86 2.47 3.11 1.61 
Ya_hd 1.44 1.87 1.93 1.18 < I.d. 1.34 1.63 0.51 < I.d. 3.06 1.75 1.43 3.09 1.16 
Notes: 
aSite identifiers are same as the site identifiers given in Figure 1 of the manuscript 
bTarget PAHs are given in Section 2.3.3 of the manuscript 
 <I.d. =below limit of detection. 
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Table S5: Particulate-phase PAHs sampled during weekends 
Sitea PAHs
b concentrations (ng/m3) 
 ACY ACE FLU ANT PHE PYR FLA BaA CHR BaP BeP DbA BgP IND 
Ab_c 1.55 3.83 2.34 0.19 0.48 2.18 2.12 < I.d. < I.d. 3.26 2.34 1.72 3.10 0.96 
Be_i 1.96 1.26 < I.d. < I.d. < I.d. < I.d. < I.d. < I.d. < I.d. 3.04 1.06 1.26 3.08 0.79 
Bi_r 0.45 1.55 5.28 0.14 1.44 5.34 2.70 1.03 0.08 3.07 4.82 2.32 3.11 2.96 
Da_r 0.46 1.33 0.38 3.67 < I.d. 1.99 6.64 0.46 0.95 3.09 2.27 2.11 3.12 1.12 
Di_r 0.42 8.97 0.90 0.44 0.69 3.39 2.47 < I.d. < I.d. 3.16 1.18 1.68 3.09 0.79 
Hi_hd 0.45 1.29 0.59 0.77 < I.d. < I.d. < I.d. < I.d. < I.d. 3.06 1.06 1.32 3.09 0.79 
Ho_c 1.41 3.74 2.74 0.26 0.79 2.14 2.48 0.98 < I.d. 3.06 2.53 1.59 3.10 1.09 
Li_c 3.29 1.94 1.94 0.33 1.11 0.75 2.94 < I.d. < I.d. 3.06 4.14 1.56 3.10 2.57 
Mi_hd 3.27 2.84 1.91 0.42 1.15 2.65 3.15 < I.d. < I.d. 3.07 4.79 1.79 3.11 2.52 
Pe_r 0.50 1.34 4.32 5.82 5.59 6.83 1.21 0.03 < I.d. 3.08 2.93 1.39 3.11 1.45 
Re_r 0.42 1.26 < I.d. < I.d. < I.d. < I.d. < I.d. < I.d. < I.d. 3.06 1.08 1.31 3.09 0.79 
Sh_i 0.54 1.33 4.69 3.98 0.00 1.65 1.42 < I.d. 0.86 3.21 2.21 1.40 3.11 1.15 
So_hd 1.94 1.37 6.47 1.94 < I.d. 14.58 10.53 1.04 2.95 3.07 5.38 1.87 3.15 2.10 
To_c 0.55 1.42 0.62 4.12 < I.d. 2.16 7.26 0.57 1.38 3.11 4.94 2.61 3.14 1.53 
Ya_hd 0.46 1.33 1.39 8.83 0.06 3.53 7.63 0.20 0.62 3.08 1.92 1.38 3.11 1.05 
Notes: 
aSite identifiers are same as the site identifiers given in Figure 1 of the manuscript 
bTarget PAHs are given in Section 2.3.3 of the manuscript 
 <I.d. =below limit of detection 
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Comparison of HMs and PAHs concentrations with previous studies 
Table S6: Comparison of airborne heavy metal concentrations 
HMs Concentrations observed in current 
study 
 
from Voutsa and Samara (2002) 
 
Average 
(weekdays) 
(µg/m3) 
 
Average 
(weekends) 
(µg/m3) 
Industrial site 
Average 
(µg/m3) 
Urban site 
Average (µg/m3) 
Cr 0.02 0.01 NA NA 
Mn 0.06 0.03 0.10 0.03 
Cu 0.01 0.07 0.07 0.12 
Zn 0.15 0.10 0.75 0.13 
Pb 0.06 0.04 0.06 0.08 
Notes: 
1. NA - Data is not available 
2. For the comparison, the study conducted by Voutsa and Samara (2002) was selected, as this is the most recent which measured atmospheric 
heavy metal concentrations separately for different land uses. 
 
Table S6 shows that the average heavy metal concentrations detected in this study are less than previously reported values by Voutsa and Samara 
(2002). One of the main reasons for this is that compared to this study, Voutsa and Samara (2002) conducted their study at a highly populated 
urban centre in Greece. 
  
S8 
 
Table S7: Comparison of airborne PAHs concentrations 
PAHs 
Brisbanea  
(ng/ m3) 
(1995-1998) 
 
Gold Coastb  
(ng/ m3) 
(2009-2010) 
 Vap. Part. Vap. Part. 
  wk we wk we 
Acenaphthene (ACE) 5.86 Bdl 3.71 4.90 2.11 2.21 
Acenaphthylene (ACY) 10.90 0.03 0.97 1.33 1.17 1.15 
Anthracene (ANT) 1.60 0.04 8.92 4.85 2.00 2.20 
Benz(a)anthracene (BaA) 0.09 0.21 0.84 0.55 0.52 0.31 
Benzo(a)pyrene (BaP) 0.03 0.34 3.10 3.11 3.03 3.09 
Benzo(e)pyrene (BeP) 0.03 0.35 3.10 3.12 3.07 2.88 
Phenanthrene (PHE) 19.80 0.52 3.50 0.40 0.80 4.60 
Chrysene (CHR) 0.26 0.43 1.00 0.50 0.50 1.40 
Indeno(1,2,3-c,d)pyrene (IND) Bdl 0.83 2.50 1.90 1.40 2.00 
Benzo(g,h,i)perylene (BgP) Bdl 1.39 4.50 3.00 3.10 4.10 
Pyrene (PYR) 4.36 0.41 4.80 2.20 3.10 5.20 
Fluorene (FLU) 11.40 0.04 6.70 2.70 2.20 6.40 
Dibenz(a,h)anthracene (DbA) 0.01 0.02 2.10 1.80 1.70 2.00 
Flouranthene (FLA) NA NA 8.30 3.90 3.40 6.50 
Notes: 
a - Adapted from Berko (1999) b – this study 
wk – weekdays; we – weekends; Vap.- vapour phase; Part.- particulate phase; Bdl - below 
detection limit; NA - data is not available) 
 
Table S7 shows the comparison of PAH concentrations recorded by Berko (1999) and this 
study. Berko (1999) has not mentioned whether the sampling was conducted during 
weekdays or weekends. It can be seen from Table S7 that PAH levels in the Gold Coast area 
(this study) are generally higher than those in Brisbane. However, investigations in Brisbane 
were undertaken in 1995-1998 period, whereas investigations in this study were undertaken 
in 2009-2010. Therefore, the difference can be a result of increased traffic and anthropogenic 
activities over the intervening period. 
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PROMETHEE and GAIA 
PROMETHEE 
PROMETHEE is a non-parametric method (Espinasse et al 1997) and it ranks a number of 
objects or actions based on a range of variables or criteria (PAHs and HMs concentration in 
air in this case). For analysis, ranking order, weighting, preference function and a threshold 
value must be defined for each variable. PROMETHEE method is a suitable multicriteria 
decision making method (MCDM) for the current work due to its simplicity and ability to 
provide rank order information. Furthermore, unlike the other commonly used method of 
principal component analysis (PCA), which generally needs a large number of samples for 
effective modelling, PROMETHEE can rank even two samples. Therefore, PROMETHEE 
and GAIA have been increasingly applied to multivariate data used for environmental 
decision making (for example, Ayoko et al. 2007; Herngren et al. 2006). 
 
In the PROMETHEE analysis, the user needs to select the ranking order according to the 
objective of the analysis. The user can select to either maximise (i.e prefer higher value of a 
variable) or minimise (i.e prefer lower value of a variable) each criteria to define the 
preference ranking order. As a result, actions are ranked in ascending order (smaller to larger) 
or descending order (larger to smaller). 
 
Weightings are used in the PROMETHEE analysis to reflect the importance of one criterion 
over the decision making process. For example, a larger weighting indicates the importance 
of a criterion over the others. By default, Decision Lab software assigns 1 as the weight for 
all the criteria. However, the user can change the weighting as required to suit the analysis. 
 
Preference functions in PROMETHEE are applied to decide how much one outcome is 
preferred over the other and to translate the deviation between the evaluations of two actions 
on a single criterion into a preference degree, where the preference degree defines an 
increasing function of the deviation. A larger deviation will contribute a high degree of 
preference whereas a smaller deviation will contribute to a weaker degree of preference. 
There are six preference functions provided in the Decision Lab software. They are the Usual, 
U-shape, V-shape, Level, Linear and Gaussian functions. 
 
The shape of the preference function depends on the preference threshold (P) and 
indifference threshold (Q) where Q cannot be greater than P. P is the smallest deviation that 
is considered as decisive. Q is the largest deviation that is considered negligible. Gaussian 
threshold, S, is a middle value that is used only with the Gaussian preference function 
(Herngren et al. 2006; Keller et al. 1991; Decision Lab. 2000). 
 
GAIA  
GAIA is a visualisation technique which is used to visualise PROMETHEE results as a 
simple principal component (PC) biplot in PC1 and PC2 space. A typical GAIA biplot can be 
used to explore the relationships among objects and variables. The decision axis, pi, points 
towards the direction of the solution proposed by PROMETHEE (Lim et al.  2005). 
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GAIA results can be explained according to following guidelines as summarised below 
(Espinasse et al.1997): 
1. Longer projected vector contains more variance while shorter projected vector contains 
less variance. 
2. Independent variables are represented by almost orthogonal vectors. 
3. Variable vectors pointing towards the same direction are correlated while those oriented 
in opposite directions are conflicting. 
4. Objects pointing in the direction of a particular variable are correlated to that variable 
whereas opposite objects are weakly correlated to that variable. 
5. Dissimilar objects have significantly different PC coordinates whereas similar objects 
show as clusters. 
6. If the decision vector, pi, is long, then the decision power of the plane is strong and the 
best choices are those closest possible to the decision axis and vice versa. 
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